The cultivation of plants in greenhouses currently plays a role of primary importance in modern agriculture, both for the value obtained with the products made and because it favors the development of highly innovative technologies and production techniques. An intense research effort in the field of energy production from renewable sources has increasingly led to the development of greenhouses which are partially covered by photovoltaic elements. The purpose of this study is to present the potentiality of an innovative prototype photovoltaic greenhouse with variable shading to optimize energy production by photovoltaic panels and agricultural production. With this prototype, it is possible to vary the shading inside the greenhouse by panel rotation, in relation to the climatic conditions external to the greenhouse. An analysis was made for the solar radiation available during the year, for cases of completely clear sky and partial cloud, by considering the 15th day of each month. In this paper, the results show how the shading variation enabled regulation of the internal radiation, choosing the minimum value of necessary radiation, because the internal microclimatic parameters must be compatible with the needs of the plant species grown in the greenhouses.
Introduction
Cultivation in greenhouses allows us to satisfy the growing demand for vegetables and fruits by the growing global population by extending the production window both geographically and seasonally [1] . The use of greenhouses allows for the control of the microclimatic parameters that characterize the internal environment (i.e., air temperature, relative humidity, lighting level, CO 2 concentration) [2] [3] [4] [5] , influencing both crop quality and quantity [6, 7] and the spread of pathogens and diseases [8] .
Greenhouses use solar radiation input, but the control of the internal environment takes place thanks to energy supplied from different sources, including fossil fuels and the electricity network [9] . These systems that take advantage of the greenhouse effect require high amounts of energy for the operation of forced cooling, heating, and lighting systems [10] . Given the need to reduce human pollution, the combination and use of renewable energy sources (e.g., solar energy) seems to be the best solution to follow [11, 12] . Some studies have shown that solar panels can produce energy for the operation of heat pumps in Italy [13, 14] , fog cooling systems in Malaysia [15] and in Saudi Arabia [16] , and for fan and pad cooling systems in Arizona [17] .
By appropriately positioning solar panels on greenhouse roofs, it is possible to obtain multiple advantages: using the solar energy produced to make the agricultural production independent of A fixed shading value can work well in some months of the year, but not others; it can be optimal in clear skies but not in partially or totally cloudy sky conditions. Additionally, during the day, the shading should vary with higher values in the central hours of the day.
The research gap can be filled only with photovoltaic greenhouses with variable shading by PV panels.
This article describes the experimental results obtained by applying a dynamic photovoltaic greenhouse prototype where shading inside the greenhouse was continuously changeable according to the demand of the crops for light and external weather conditions [62] . The panels' position could change at any time of the day, optimizing the production of electricity and agriculture.
When the irradiation was at a maximum, during the hot season and in the central hours of the day, the panels could be positioned in such a way as to shade the crop and obtain maximum energy production; when the level of radiation was reduced, such as in the cold season and in the first and last hours of the day, the panels could be positioned in such a way as to allow more solar radiation to pass through.
Thanks to the rotation of the panels, it was possible to vary the degree of shading from a minimum of 0 degrees to a maximum of 78 degrees. Furthermore, it is important to underline that with this panel movement system, when it was necessary to let in more solar radiation because the sky was covered, the roof remained closed and the crop continued to be protected from any precipitation.
When the optimal inclination of the solar panels to produce electric energy was lost, causing a reduction in energy production, reflective aluminum mirrors reflected the otherwise-lost radiation back on the panels and in this way the electricity production was improved [62] .
This innovative system is able to (1) Continuously vary the shading according to the weather conditions, the period of the year, the time of day, and the type of harvest. The mobile system (panels and mirrors) makes the structure dynamic and flexible based on the needs of the situation; (2) Optimize energy and agricultural production consuming the same land unit, without filling areas adjacent to the greenhouse for the positioning of the panels at the expense of crops; (3) Totally recover the amount of energy lost by reflection when the inclination of the direct solar radiation moves away from the optimal one thanks to the use of aluminum mirrors constantly aligned with the sun's rays; (4) Use a large part of the greenhouse roof for the installation of photovoltaic panels, leaving the crop protected from precipitation.
In this paper the variation in shading obtained from the dynamic prototype of the photovoltaic greenhouse is analyzed and discussed in order to maintain certain minimum internal solar radiation thresholds expressed in terms of both global daily radiation (5 MJ m −2 day −1 ) and energy flow (400 Wm −2 ).
Materials and Methods
The prototype used in this research was realized at the Tuscia University in Viterbo, Italy. The length and width of the greenhouse were 3.79 and 2.41 m, respectively; it had an asymmetric cross section specifically designed for photovoltaic energy generation.
The photovoltaic panels occupied an area of 8.15 m 2 and were positioned on the south pitch, inclined at 33 • . The north pitch without photovoltaic panels had a slope of 51 • (Figure 1 ). The prototype was made of iron and glass, with a transverse vertical polycarbonate wall. More details about the geometrical characteristics and technical data of the prototype are reported in Marucci et al. [62] .
This innovative system arose from the observation of shaded greenhouses where the pitch of the south-facing roof was partially covered by photovoltaic panels. This solution has become the most popular one. If we consider the latitude of the Mediterranean areas, knowing the inclination of the sun's rays at 12:00, it is possible to observe that the portion of the illuminated floor is poor and not uniform. Figure 2 shows the distribution of the partial shadows from June 21st. When the height angle of the solar rays decreases, the internal solar radiation is also reduced, as shown in The prototype was made of iron and glass, with a transverse vertical polycarbonate wall. More details about the geometrical characteristics and technical data of the prototype are reported in Marucci et al. [62] .
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These solutions are expensive to implement, and as they are "static", they are good for limited periods of the year and day, and only for certain crops. It is necessary to consider that under clear sky conditions solar radiation varies considerably during the year in terms of intensity of energy flow (Wm −2 ) and in terms of duration of solar radiation (day length).
For example, in the absence of clouds, at the latitude of 42 • north and at an altitude of 300 m, the global daily radiation ranges from 7.3 MJ m −2 d −1 on 21 December to 29.4 MJ m −2 d −1 on 21 June-an approximately four-fold increase.
To make the dynamic system, it was decided to move the panels.
A mechanical system allowed the rotation of the panels along the longitudinal axis and regulated the shading inside the structure ( Figure 6 ). For example, in the absence of clouds, at the latitude of 42° north and at an altitude of 300 m, the global daily radiation ranges from 7.3 MJ m −2 d −1 on 21 December to 29.4 MJ m −2 d −1 on 21 June-an approximately four-fold increase.
A mechanical system allowed the rotation of the panels along the longitudinal axis and regulated the shading inside the structure ( Figure 6 ). However, the dynamic system caused the loss of the optimal inclination for the production of energy with photovoltaic panels, resulting in losing part of the solar radiation useful for reflection.
This However, the dynamic system caused the loss of the optimal inclination for the production of energy with photovoltaic panels, resulting in losing part of the solar radiation useful for reflection.
This problem was partially solved by placing mirrors (Figures 6 and 7 ) [62] .
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If the photovoltaic panels are parallel to the roof, they allow a maximum shading degree of 78%. Marucci et al. defines the degree of shading as "as the ratio between the projection of the length of the panel including the frame (21 cm) on the pitch and the distance between the points of rotation of the panel (27 cm)" [62] .
The percentage of shading could be modified thanks to the panel movement system. If the portion of the panels projected on the ground is reduced, the shading is reduced.
The degree of shading must be selected based on
(1) The kind of crop;
(2) Latitude;
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Results and Discussion
The degree of shading must be selected based on 1) The kind of crop; 2) Latitude;
3) The time of day; and 4) External weather conditions. The values of internal solar radiation were obtained by processing the data measured by internal sensors [62] . It can be seen that the internal solar radiation decreased as the percentage of shading increased, and that the system was very effective in adapting to external radiation levels. From the measured data shown in Figure 8 and with the direct and diffuse solar radiation levels calculated [36, 63] , the annual trends of external and internal solar radiation were simulated for different shading percentages (20%, 40%, 60%, and 78%). For this simulation, the 15th of each month in clear sky conditions was considered (Figure 9 ). The values of internal solar radiation were obtained by processing the data measured by internal sensors [62] . It can be seen that the internal solar radiation decreased as the percentage of shading increased, and that the system was very effective in adapting to external radiation levels. From the measured data shown in Figure 8 and with the direct and diffuse solar radiation levels calculated [36, 63] , the annual trends of external and internal solar radiation were simulated for different shading percentages (20%, 40%, 60%, and 78%). For this simulation, the 15th of each month in clear sky conditions was considered (Figure 9 ). Values of internal solar radiation below 5 MJ m −2 day −1 are not sufficient for the optimal growth of most crops, and this is reflected in the poor quality of the final products in terms of size, quantity, color, and nutritional properties.
This threshold value would never be reached if the shading percentage reached 78%. According to the simulation, for 60% of the shading, the critical months are January, February, October, November, and December. For the months of January, November, and December, 40% of the shading was not allowed to reach the lower limit of 5 MJ m −2 day −1 . Finally, the month of December did not exceed the threshold, even with the shading percentage at 20%. Thus, in the months of January, February, October, November, and December, thanks to the mobile panels, it is possible to allow more solar radiation to pass, reducing the shading. During spring and summer, on the other hand, it is possible to use the panels as if they were a passive cooling system, because the available solar radiation exceeds the demand of most plants, at the same time producing electricity that could eventually be entered in the electricity network. Figure 9 clearly shows that in the spring and autumn season it is sufficient to shade to 20%, while in the summer period a value of 50% is sufficient.
This new dynamic photovoltaic greenhouse was also designed and built to achieve instantaneous shading variations. When we set an optimal limit (constant or variable) of internal solar radiation for the plant cultivated (for example, 400 Wm −2 ), all the PV panels, initially aligned with the mirrors to the solar rays, could begin to rotate to increase the shading in such a way that the internal solar radiation was maintained at the established optimal value. On June 21, with clear sky and at 42° north latitude, in order to maintain the greenhouse at the fixed level of solar radiation (400 Wm −2 ), the PV panels should begin to produce shade three hours after sunrise and stop shading three hours before sunset ( Figure 10 ). In addition, the shading is not constant and must gradually increase up to a maximum of 47% in the middle of the day. Values of internal solar radiation below 5 MJ m −2 day −1 are not sufficient for the optimal growth of most crops, and this is reflected in the poor quality of the final products in terms of size, quantity, color, and nutritional properties.
This new dynamic photovoltaic greenhouse was also designed and built to achieve instantaneous shading variations. When we set an optimal limit (constant or variable) of internal solar radiation for the plant cultivated (for example, 400 Wm −2 ), all the PV panels, initially aligned with the mirrors to the solar rays, could begin to rotate to increase the shading in such a way that the internal solar radiation was maintained at the established optimal value. On June 21, with clear sky and at 42 • north latitude, in order to maintain the greenhouse at the fixed level of solar radiation (400 Wm −2 ), the PV panels should begin to produce shade three hours after sunrise and stop shading three hours before sunset ( Figure 10 ). In addition, the shading is not constant and must gradually increase up to a maximum of 47% in the middle of the day. Figure 10 . Daily trend of shading percentages so that the internal solar radiation is kept lower than or equal to the set limit on June 21.
On March 21, the PV panels should begin to produce shade three hours after sunrise and stop producing shade three hours before sunset ( Figure 11 ). The shading in this case should gradually increase to a maximum of 35% in the middle of the day. Figure 11 . Daily trend of shading percentages so that the internal solar radiation is lower than or equal to the set limit on March 21.
Lastly, on February 21, the maximum shading must not exceed 18% (Figure 12 ).
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Daily trend of shading percentages so that the internal solar radiation is lower than or equal to the set limit on February 21.
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On March 21, the PV panels should begin to produce shade three hours after sunrise and stop producing shade three hours before sunset ( Figure 11 ). The shading in this case should gradually increase to a maximum of 35% in the middle of the day.
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The energy exchanges of the proposed prototype, including the radiative exchanges in the night period, were studied in the energy balance [36] . In the winter months, shading and electricity production were drastically reduced to become negligible, as the solar energy that reaches the ground is just enough for cultivated plants. Without plant cultivation, however, the shading would be the maximum possible (78%), as would the production of electricity.
Another possible use of this prototype could be to entrust the modification of the shading to the strong variation of the angle of the solar rays, keeping the photovoltaic panels fixed and horizontal.
This working method of the prototype will be the subject of further studies and research. Rotation is still necessary for the mirrors, which must always be aligned to sunlight. It is a variation of passive shading, without energy consumption for the control and handling systems ( Figure 14 ). The energy exchanges of the proposed prototype, including the radiative exchanges in the night period, were studied in the energy balance [36] . In the winter months, shading and electricity production were drastically reduced to become negligible, as the solar energy that reaches the ground is just enough for cultivated plants. Without plant cultivation, however, the shading would be the maximum possible (78%), as would the production of electricity.
This working method of the prototype will be the subject of further studies and research. Rotation is still necessary for the mirrors, which must always be aligned to sunlight. It is a variation of passive shading, without energy consumption for the control and handling systems ( Figure 14 ). The shading obtained is favorable for crop requirements: maximum in summer, minimum during the winter.
Conclusions
This study shows the feasibility of changing the degree of shading inside a greenhouse based on the available solar radiation and on plant needs, thanks to a dynamic system of photovoltaic panels. The advantages of this innovation are evident, because the mobile photovoltaic panels positioned on the roof allow optimization the agricultural production (varying the amount of solar radiation that reaches the plants) and the production of electrical energy (thanks also to the presence of the mirrors). Finally, the shading can be almost completely removed: the photovoltaic panels can rotate to cancel their projection on the floor and not interfere with the lighting.
With a set optimal limit of internal solar radiation for the plant cultivated, all the PV panels, initially aligned with the mirrors to the solar rays, can begin to rotate to increase the shading in such a way that the internal solar radiation is maintained at the established optimal value (constant or variable). With a partly cloudy sky, the shading by the PV panels can be instantly adapted to the external solar radiation and the set limit for the internal solar radiation.
Therefore, this prototype is a dynamic and flexible system that easily adapts to agricultural and energy production demands.
